Ciprofloxacin is the substrate for a multidrug resistance-related protein (MRP)-like multidrug transporter in J774 mouse macrophages, which also modestly affects levofloxacin but only marginally affects garenoxacin and moxifloxacin (J. Active efflux is a general means developed by cells for protection against invasion by amphiphilic, potentially harmful molecules (18). In this context, overexpression of multidrug efflux pumps is now recognized as a common and widespread mechanism of resistance to anticancer agents in eukaryotic cells (for a review, see reference 3). These pumps often display broad substrate specificities (7, 15) . It is therefore not surprising that they also transport other amphipathic drugs like antibiotics (for a review, see reference 19). In this context, we showed that the fluoroquinolone ciprofloxacin is subject to active efflux by a multidrug resistance-related protein (MRP)-like transporter in J774 mouse macrophages (11). The activity of this transporter significantly reduces the accumulation of ciprofloxacin in comparison with other drugs of the same class (10) and, as a consequence, impairs its activity against intracellular bacteria such as Listeria monocytogenes (13).
Active efflux is a general means developed by cells for protection against invasion by amphiphilic, potentially harmful molecules (18) . In this context, overexpression of multidrug efflux pumps is now recognized as a common and widespread mechanism of resistance to anticancer agents in eukaryotic cells (for a review, see reference 3). These pumps often display broad substrate specificities (7, 15) . It is therefore not surprising that they also transport other amphipathic drugs like antibiotics (for a review, see reference 19) . In this context, we showed that the fluoroquinolone ciprofloxacin is subject to active efflux by a multidrug resistance-related protein (MRP)-like transporter in J774 mouse macrophages (11) . The activity of this transporter significantly reduces the accumulation of ciprofloxacin in comparison with other drugs of the same class (10) and, as a consequence, impairs its activity against intracellular bacteria such as Listeria monocytogenes (13) .
In an attempt to better characterize the transporter of ciprofloxacin, we have generated J774 macrophages with increased efflux capabilities toward this drug. We applied a procedure commonly used to select resistance to anticancer drugs (6) , namely, the continuous exposure to progressively increasing concentrations of the drug under study. This methodology, which can select multifactorial resistance, is intended to mimic to some extent what may develop in vivo upon chronic exposure to the corresponding drug (6) . We obtained stable cell lines resistant to 68 mg/liter (0.2 mM) ciprofloxacin. The present paper deals with a description of the quinolone pharmacokinetics and pharmacodynamics in these cells in comparison with the wild-type, parent cell line.
MATERIALS AND METHODS
Cell culture and selection of ciprofloxacin-resistant J774 macrophages. All experiments were performed with J774 mouse macrophages. Wild-type cells were maintained exactly as reported previously (11) . To select ciprofloxacinresistant cells, we used a stepwise approach similar to that described previously for obtaining probenecid-resistant J774 macrophages (1, 11) . Based on preliminary experiments evaluating ciprofloxacin cytotoxicity in wild-type cells, a concentration of 34 mg/liter (0.1 mM) was used as a first selection step. After 4 weeks (i.e., up to passage 6), the ciprofloxacin concentration was increased to 51 mg/liter (0.15 mM) for 3 weeks (from passage 7 to 9) and then further increased to 68 mg/liter (0.2 mM) for 6 months (up to passage 30). At each increase in ciprofloxacin concentration, cells showed a marked but transient (1 to 2 passages) decrease in their multiplication rates, after which, however, they resumed at almost normal growth. Cells were then used for experiments up to the 120th passage, while being maintained in the continuous presence of 68 mg/liter ciprofloxacin. During this period, cells were regularly checked for ciprofloxacin accumulation in the absence and in the presence of probenecid (with no differences in the corresponding accumulation levels). Revertant cells were obtained by transferring ciprofloxacin-resistant cells to drug-free medium and cultivating them in the absence of ciprofloxacin for up to 90 passages.
Measurement of antibiotic accumulation and modulation by transporter inhibitors and ATP depletion. The incubation of cells with antibiotics was performed as described elsewhere (11) . Ciprofloxacin-resistant cells, routinely cultivated in the presence of 68 mg/liter ciprofloxacin, were rinsed twice in phosphate-buffered saline prior to the start of the experiments. The addition of inhibitors of efflux transporters and ATP-depletion (by addition of 60 mM deoxyglucose and 5 mM NaN 3 ) were performed as described previously (11) , except that the preincubation in ATPdepleting conditions was set at 45 min after preliminary experiments had disclosed that the residual ATP level remained similar for preincubation times between 15 and 60 min.
Assay of cell-associated quinolones. Quinolones were assayed by fluorimetry, using procedures previously described in detail (10, 11) . We checked previous studies to ensure that J774 cells do not metabolize quinolones to a significant extent and that the amount of quinolones detected by fluorimetry matches that detected by bioassay (2 . Assay of total cell ATP content. Total ATP was measured by luciferase assay (Boehringer Manheim ATP-bioluminescence assay kit CLS II; Roche Diagnostics, F. Hoffman-la Roche Ltd., Basel, Switzerland) as described previously (11) . The lowest value measured in ATP-depleted cells was still 2.99-fold (95% confidence interval, 2.57-to 3.31-fold) higher than the background.
Assessment of cellular viability. Cell viability was assessed by measuring the release of lactate dehydrogenase in the culture medium, assayed by the method of Vassault (20) . This release was 3.7% Ϯ 0.3% for wild-type cells and 2.7% Ϯ 1.3% for resistant cells in the absence of other treatment and remained lower than 10% in all experimental conditions.
Cell infection and measurement of intracellular activity. Intracellular activity of ciprofloxacin was determined toward a hemolysin-producing strain (EGD serotype 1/2a) of L. monocytogenes (obtained from P. Berche, Laboratoire de Microbiologie, Faculté de Médecine, Necker, Paris, France). Experiments were conducted as described earlier (13) , except that we used an initial inoculum of 7 bacteria per macrophage.
Materials. Antibiotics were obtained as microbiological standards from their corresponding manufacturers as follows: ciprofloxacin (purity, 98.0%) and moxifloxacin (purity, 99.8%) from Bayer A.G., Leverkusen, Germany; levofloxacin (purity, 99.7%) from Aventis Pharma, Antony, France; and garenoxacin (purity, 99.8%) from Bristol Myers Squibb, New Brunswick, Conn. Verapamil and 2-D-deoxyglucose were supplied from Fluka Chemie, Buchs, Switzerland; probenecid was from SigmaAldrich Chemie, Steinheim, Germany; and MK571 (3- Statistical analyses. Curve-fitting analyses (including calculations of regression parameters and 95% confidence intervals) were made with GraphPad Prism, version 4.00, for Windows (San Diego, CA). Statistical analyses were performed using Graphpad Instat and XLSTAT Pro (version 7.5.2; Addinsoft SARL, Paris, France).
RESULTS
Two clones of ciprofloxacin-resistant cells (CR1 and CR2) with similarly reduced capacity to accumulate ciprofloxacin were obtained at two 2-year intervals (in 2001 and 2003). Compared to wild-type cells, these cells did not reveal a constant difference in morphology based on examination in the optic microscope, and growth rates were essentially similar. Electron microscopy of CR2 cells showed a well-dilated Golgi apparatus and an abundance of mitochondria, denoting the maintenance of active metabolic activity. The specific change in phenotype with respect to tolerance to ciprofloxacin was assessed by examining the microscopic appearance and the protein content of wild-type cultures exposed abruptly to 68 mg/liter ciprofloxacin. This resulted in a large loss of the cells from the culture (with a protein content decreasing to ϳ50% and ϳ25% of the control after 24 and 48 h, respectively). Most critical pharmacokinetic experiments were performed with both clones, yielding similar results. A brief description of CR1 cells and of their main properties was reported earlier (J.-M. Michot et al., Abstr. 42nd Intersci. Conf. Antimicrob. Agents Chemother., abstr. A486, 2002). We therefore present here only the phenotypic characterization of CR2 cells, which were studied in more detail.
Accumulation of quinolones in wild-type and resistant cells and effect of ATP depletion. In a first series of experiments, we compared the accumulation of the quinolones in wild-type versus ciprofloxacin-resistant cells. Pilot experiments showed that an incubation time of 2 h allowed cultures to reach a stable cellular concentration for all four of the quinolones studied, and this exposure time was therefore systematically used thereafter. Figure 1 (left graph) shows the following ranking for quinolone accumulation by wild-type cells: ciprofloxacin Ͻ levofloxacin Ͻ garenoxacin Ͻ moxifloxacin, as previously reported (10) with P Ͻ 0.05 for all drugs (by analysis of variance [ANOVA]). In resistant cells, the cellular concentrations of ciprofloxacin and levofloxacin were markedly reduced (12 and 18% of the values measured in wild-type cells, respectively; P Ͻ 0.001 for wild-type versus ciprofloxacin-resistant cells by ANOVA), and differences between drugs remained significant (P Ͻ 0.05 by ANOVA).
We previously reported that ciprofloxacin accumulation is markedly increased in J774 macrophages by ATP depletion (11) . We therefore examined the influence of ATP depletion in ciprofloxacin-resistant cells in comparison with wild-type cells. Basal ATP levels were 25 Ϯ 3 and 32 Ϯ 2 nmol/mg of protein in wild-type and ciprofloxacin-resistant cells, respectively, and were reduced to 3.5 Ϯ 1.0 and 7.9 Ϯ 1.0 nmol/mg of protein, respectively, after a 45-min incubation with 60 mM deoxyglucose and 5 mM NaN 3 . Figure 1 (right graph) shows that ATP depletion indeed increased ciprofloxacin accumulation in wild-type cells (P Ͻ 0.001), as anticipated, but had no significant effect on the accumulation of the three other quinolones. It also increased the accumulation of ciprofloxacin and levofloxacin in ciprofloxacin-resistant cells (P Ͻ 0.001). Most interestingly, ATP depletion caused each quinolone to actually accumulate to a similar level in wild-type and ciprofloxacin-resistant cells.
Influence of efflux pump inhibitors on quinolone accumulation. The cellular accumulation of ciprofloxacin and levofloxacin is increased in the presence of probenecid and MK571 (10) . The influence of these inhibitors on the accumulation of quinolones in wild-type and ciprofloxacin-resistant cells was therefore examined here. Results are shown in Fig. 2 . Looking at ciprofloxacin first, we see that probenecid and MK571 caused an increase in cell accumulation of this quinolone in both wild-type and ciprofloxacin-resistant cells. Ciprofloxacin-resistant cells, however, were two-to threefold less sensitive to either inhibitor when these were used at concentrations lower than the maximal value tested (differences between wild-type and ciprofloxacin-resistant cells became nonsignificant by ANOVA at concentrations of 15 mM probenecid and 200 M MK571 or higher). Similar observations were made for levofloxacin but with less difference between wild-type and ciprofloxacin-resistant cells, especially for MK571 (differences between the two cell types became nonsignificant at concentrations of 15 mM probenecid and 100 M MK571 or higher). Garenoxacin accumulation in wild-type and ciprofloxacin-resistant cells was only weakly affected by probenecid and MK571 (and was not different from that measured in wild-type cells with 15 mM probenecid and 100 M MK571 or higher), and that of moxifloxacin was not significantly modified. The influence of verapamil (50 and 100 M) on quinolone accumulation in wild-type and ciprofloxacin-resistant cells was tested in parallel. No significant effect was observed (data not shown).
Influence of the extracellular concentration of quinolones on their accumulation. Ciprofloxacin exerts a facilitating effect on its own accumulation, which has been interpreted as denoting a concentration-dependent inhibition of its efflux (11) (other hypotheses like unbalanced influx at high extracellular concentrations were excluded based on the observation that high extracellular concentrations in moxifloxacin were also able to increase ciprofloxacin accumulation [10] ). As shown in Fig. 3 , this effect was reproduced with wild-type cells here, since the cellular concentration of ciprofloxacin increased in an exponential fashion with respect to its extracellular concentration, yielding cellular-to-extracellular concentration ratios about 10-fold higher for extracellular ciprofloxacin concentrations of 200 mg/liter versus 5 mg/liter (200 mg/liter was the limit of solubility of ciprofloxacin under our conditions). A similar phenomenon was seen in ciprofloxacin-resistant cells, but its magnitude was considerably lower (threefold) in the range of concentrations investigated. Accordingly, a one-phase exponential association function was fitted to the data for ciprofloxacin (R 2 of 0.987 and 1.000 for wild-type and ciprofloxacin-resistant cells, respectively). In sharp contrast, the cellular contents of garenoxacin and moxifloxacin were strictly proportional to their extracellular concentration up to 500 mg/liter, with no difference between wild-type and ciprofloxacin-resistant cells (R 2 and slope of linear regressions, respectively: 0.981 and 30.4 Ϯ 1.6 ϫ 10 3 for wild-type cells and 0.997 and 26.1 Ϯ 0.5 ϫ 10 3 for ciprofloxacin-resistant cells for garenoxacin; 0.989 and 42.7 Ϯ 1.6 ϫ 10 3 for wild-type cells and 0.987 and 44.9 Ϯ 1.9 ϫ 10 3 ciprofloxacin-resistant cells for moxifloxacin). For levofloxacin, a minor effect of the drug concentration on its own uptake was seen in ciprofloxacin-resistant cells in the concentration range of 3 to 20 mg/liter (Fig. 3 , LVX inset) (R 2 of 0.999 for one-phase association), but this effect became insignificant at higher concentrations (R 2 and slope of linear regressions, respectively: 1.000 and 29.7 Ϯ 0.1 ϫ 10 3 for wildtype cells and 0.998 and 28.7 Ϯ 0.6 ϫ 10 3 for ciprofloxacinresistant cells).
Influence of quinolones on protein and DNA synthesis in wild-type and resistant cells. Quinolones impair DNA synthesis in eukaryotic cells when used at high concentrations such as those used here (12) . We therefore compared wild-type and ciprofloxacin-resistant cells for this effect and also examined the influence exerted by ciprofloxacin on protein synthesis. Cells were incubated for 24 h with increasing concentrations of ciprofloxacin and then exposed to either for accumulation by wild-type versus ciprofloxacin-resistant cells. As shown in Fig. 4 (bottom graphs), moxifloxacin caused a concentration-dependent decrease in both DNA and protein synthesis that was essentially similar in both cell types.
Reversibility of the resistance phenotype. In the next series of experiments, we examined whether and at what rate cultivation of ciprofloxacin-resistant cells in a ciprofloxacin-free medium would allow cells to revert to a wild-type phenotype with respect to the accumulation of ciprofloxacin (Fig. 5) . Statistical analysis (ANOVA) showed that cellular content in ciprofloxacin became significantly different (P Ͻ 0.01) from that measured in ciprofloxacin-resistant cells (passage 0; 51 Ϯ 6 ng/mg of protein) after 90 passages for cells incubated with ciprofloxacin alone (224 Ϯ 4 ng/mg of protein) and after 60 passages for cells incubated with ciprofloxacin and probenecid (5 or 10 mM). Complete reversion (no significant difference versus wild-type cells; 274 Ϯ 1 ng/mg of protein) was obtained at passage 90 for cells challenged with ciprofloxacin in the absence of probenecid or in the presence of 5 mM probenecid and at passage 40 for cells challenged with ciprofloxacin and 10 mM probenecid.
Activity of ciprofloxacin against intracellular L. monocytogenes in wild-type and resistant cells. Ciprofloxacin has only limited activity against intracellular L. monocytogenes, which, however, can be improved in the presence of efflux pump inhibitors, like gemfibrozil (13) . Here, we examined the influence of probenecid on this activity in wild-type and ciprofloxacin-resistant cells. For this purpose, macrophages were infected with L. monocytogenes and incubated in the presence of increasing concentrations of ciprofloxacin for 5 h after phagocytosis. Results are shown in Fig. 6 (left graph) . In wild-type cells, the activity of ciprofloxacin followed a typical sigmoidal concentration-response curve (R 2 ϭ 0.845 for the curve fit- ting), with a static effect observed at an extracellular concentration corresponding to 2.5ϫ MIC. In resistant cells, the concentration-response curve (R 2 ϭ 0.979 for the curve fitting) was markedly shifted toward higher extracellular concentrations, and a static effect was reached only at an extracellular concentration of 30ϫ MIC (P Ͻ 0.05 between wild-type and resistant cells by analysis of covariance of the curves). In subsequent experiments, we observed that the addition of probenecid simultaneously with ciprofloxacin caused a shift of the curves toward lower extracellular concentrations for both wildtype and ciprofloxacin-resistant cells (data not shown), suggesting that activity was directly correlated to the intracellular drug content. We tested this hypothesis by running an experiment in which the dose response of the ciprofloxacin antibacterial effect toward L. monocytogenes was examined in wild-type cells exposed to 5 mM probenecid versus ciprofloxacin-resistant cells exposed to 10 mM probenecid, which should create roughly similar ciprofloxacin cell contents in both cell types (Fig. 2) . As shown in Fig. 6 (right graph) , the responses seen in wild-type and ciprofloxacin-resistant cells again followed sigmoidal dose-response curves (with R 2 of 0.945 in wild-type cells plus 5 mM probenecid and 0.964 in ciprofloxacin-resistant cells plus 10 mM probenecid) and were quite similar, with static effects observed for ciprofloxacin extracellular concentrations corresponding to 0.8ϫ and 1.1ϫ MIC and with maximal effects of about 0.5 log under the value of the original inoculum in both cases (no significant difference by analysis of covariance between these two curves or between curves obtained in the absence or in the presence of probenecid for wild-type cells; P Ͻ 0.05 for curves obtained with ciprofloxacin-resistant cells in the absence and in the presence of probenecid).
DISCUSSION
This study shows that stepwise increases in ciprofloxacin concentration allow J774 macrophages to survive in the presence of drug concentrations that would cause almost complete cell death in wild-type cells. This property can reasonably be ascribed to an increased expression and/or activity of the ciprofloxacin efflux transporter previously described in J774 macrophages (11) for the following reasons. First, the cellular concentration of ciprofloxacin is markedly reduced in cipro- Of note is the fact that the efflux pump inhibitors or ciprofloxacin were considerably less effective in ciprofloxacin-resistant cells than in wild-type cells. Second, no effect was seen on the pattern of accumulation of garenoxacin or moxifloxacin, two quinolones that are not affected by the ciprofloxacin transporter in J774 macrophages (10) . Levofloxacin, which is partially affected by this transporter (10), actually showed intermediate behavior in most of the experiments reported here. All of these elements are consistent with increased expression or activity of a ciprofloxacin efflux transporter present in J774 macrophages and tentatively identified as a member of the MRP family of ATP-energized multidrug transporters (11) . Even though increased expression of the transporter is the most probable reason for these changes, increased activity or modified substrate specificity cannot be excluded, based on the observation that levofloxacin accumulation seems to be more affected by active efflux in resistant cells than in wild-type cells. A contrary, alternative hypothesis such as impairment of quinolone influx, reduction of sequestering capabilities, or cell survival through a protective mechanism at the level of DNA replication of function would not account for these observations. Conversely, it is intriguing in this context that ciprofloxacin-resistant cells showed a higher basal level of ATP and also retained a higher level after exposure to 2-deoxyglucose and NaN 3 , which could be interpreted as an adaptation of the metabolism to energize an ATP-dependent mechanism essential for cell survival. The role of efflux in allowing ciprofloxacin-resistant cells to survive in the presence of high concentrations of ciprofloxacin is evident from the fact that ciprofloxacin markedly affects DNA and protein synthesis in wild-type cells but not in ciprofloxacin-resistant cells. We also see that moxifloxacin, which is not affected by the transporter, alters these two parameters similarly in both cell lines.
The present data do not provide indications as to the molecular mechanism by which ciprofloxacin could modify efflux pump expression. Regulation of the expression of MRP transporters is indeed complex, variable among different members of this family, and still poorly understood (7). Yet, it has been demonstrated that a 1-to 3-day exposure of lymphocytes to ciprofloxacin at concentrations ranging from 5 to 80 mg/liter ciprofloxacin interferes with several gene programs, which suggests a massive stress response (4) . This can create a typical situation of multiple mutations or modulation of gene expression allowing for the successful selection of cells adapted to the new environment. The slow reversibility of the high-efflux phenotype is consistent with a high level of overexpression, since the stability of a multifactorial resistance phenotype is related to the level of gene expression it requires (6) . Yet it may also simply indicate that the metabolic cost of the resistance has remained low, yielding little advantage to revertant cells upon suppression of the inducer. We must also stress that other changes than those affecting active efflux transport may have been selected in our ciprofloxacin-resistant cells, as is often observed with the mode of selection applied here (see reference 6 for general principles and references 8 and 14 for typical examples).
The observation that exposure of cells to ciprofloxacin may lead to an overexpression of its own efflux may be of importance in chemotherapy. First, the reduction in its cellular concentration may significantly reduce the level of activity of the drug against intracellular bacteria, as demonstrated here for cells infected with L. monocytogenes. Future studies will need to examine to what extent our observations apply to other cells than the murine macrophages studied here and whether the conclusions made from our data with L. monocytogenes are also valid for other intracellular pathogens. Second, the overexpression of the ciprofloxacin transporter may confer resistance to other drugs, since the transporter probably belongs to a family characterized by a broad substrate specificity, transporting drugs of variable chemical structure and belonging to unrelated pharmacological classes (for a recent review, see reference 7). In this context, quinolones have been shown to reverse resistance to anticancer agents by competing for their transport in malignant cell lines (5, 16) . Supratherapeutic concentrations of ciprofloxacin were needed to select for resistance in the present study. However, other cell types may be more susceptible, especially if they are coexposed to drugs interacting with the same transporter. The present data may, therefore, raise interesting questions about potential, expected consequences of a prolonged use of quinolones for therapeutic or prophylactic purposes.
